A chimeric gene containing the patatin promoter and the transitpeptide region of the small-subunit carboxylase gene was utilized to direct expression of Escherichia coli glycogen synthase (glgA) to potato (Solanum tuberosum) tuber amyloplasts. Expression of the glgA gene produd in tuber amyloplasts was between 0.007 and 0.028% of total protein in independent potato lines as determined by immunoblot analysis. Tubers from four transgenic potato lines were found to have a lowered specific gravity, a 30 to 50% reduction in the percentage of starch, and a decreased amylose/ amylopedin ratio. Total soluble sugar content in these seleded lines was increased by approximately 80%. Analysis of the starch from these potato lines also indicated a reduced phosphorous content. A very high degree of branching of the amylopectin
glgA gene produd in tuber amyloplasts was between 0.007 and 0.028% of total protein in independent potato lines as determined by immunoblot analysis. Tubers from four transgenic potato lines were found to have a lowered specific gravity, a 30 to 50% reduction in the percentage of starch, and a decreased amylose/ amylopedin ratio. Total soluble sugar content in these seleded lines was increased by approximately 80%. Analysis of the starch from these potato lines also indicated a reduced phosphorous content. A very high degree of branching of the amylopectin fradion was detected by comparison of high and low molecular weight carbohydrate chains after debranching with isoamylase and corresponding high-performance liquid chromatography analysis of the products. Brabender viscoamylograph analysis and differential scanning calorimetry of the starches obtained from these transgenic potato lines also indicate a composition and structure much different from typical potato starch. Brabender analysis yielded very low stable paste viscosity values (about 30% of control values), whereas differential scanning calorimetry values indicated reduced enthalpy and gelatinization properties. The above parameters indicate a nove1 potato starch based on expression of the glgA E. coli gene produd in transgenic potato.
Glycogen is a highly branched glucan molecule based on h-1,4-linked D-G~c residues with a-1,6-glucosidic branch points. Although the linkage types in glycogen are identical with those in plant starch, glycogen exhibits a different average chain length and degree of polymerization. In bacteria, the a-1,6-glucosidic linkages constitute approximately 10% of the total linkages. In vascular plants, reserve polysaccharides are stored in roots, tubers, and seeds in the form of starch. Starch, a complex mixture of D-Glc polymers, consists * Corresponding author; fax 1-916-753-1510.
essentially of linear chain (amylose) and branched chain (amylopectin) glucans. Starches isolated from different plants are comprised of distinct amylose and amylopectin fractions (Manners, 1985; Swinkels, 1985) . Typically, amylose makes up between 10 and 25% of plant starch. Linear regions of amylopectin are composed of low mo1 wt and high mo1 wt chains, with the low ranging from 5 to 30 Glc units and the high mo1 wt chains from 30 to 100 or more. The amylosel amylopectin ratio and the distribution of low and high mo1 wt D-G~c chains can affect starch granule properties such as gelatinization temperature, retrogradation, and viscosity (Blanshard, 1987) .
Natural mutations that affect amylose/amylopectin ratios have been analyzed in a number of plant species (Shannon and Garwood, 1984) . A well-studied example is the waxy (wx) mutant of maize. This mutant lacks GBSS and results in a maize starch containing 100% amylopectin. Waxy com starch also exhibits the highest ratio of low mo1 wt/high mo1 wt chains (3.9/1) among plant starches and exhibits viscosity and elasticity properties greater than normal (Moore et al., 1984; Hizukuri, 1985) . Recently, a double mutant of maize, duwx, has been shown to result in a more highly branched starch than wx (Duxbury, 1989; Yuan et al., 1993) . Mutations affecting the starch-branching enzyme in pea (Smith, 1988) result in seeds having reduced starch content and a lower proportion of amylopectin. Similar to wx maize, a potato (Solanum tuberosum) mutant (amf) has been identified that contains amylose-free starch (Hovenkamp-Hermelink et al., 1987) . Recently, this mutation was characterized as a singlepoint mutation in potato GBSS and could be complemented by re-introduction of a gene expressing active GBSS into amf mutant potato lines (van der Leij et al., 1991a Leij et al., , 1991b .
Antisense experiments with the gene for the potato GBSS have been used to obtain transgenic potato lines with altered amylose/amylopectin ratios (Visser et al., 1991) . Recently, a mutant Escherichia coli ADP-Glc pyrophosphorylase (glg C) has been introduced and expressed in potato tuber amyloplasts and resulted in increased starch accumulation in the tubers (Stark et al., 1992) . Conversely, antisense experiments involving a single subunit of the endogenous potato ADPGlc pyrophosphorylase resulted in a decreased starch content and increased soluble sugar content within the tubers of Plant Physiol. Vol. 104, 1994 transgenic potato plants (Müller-Rober et al., 1992) . Unique carbohydrates can also be synthesized from reserve plant starch in vivo. This was shown by the introduction of a cyclodextrin-glycosyltransferase into potato tuber amyloplasts and the corresponding synthesis of cyclodextrins (Oakes et al., 1991) . The above experiments indicate that the structure and composition of storage carbohydrate can be manipulated by gene transfer technology.
In this communication we describe the tuber-specific expression and amyloplast localization of the E. coli glycogen synthase (&A) gene product in transgenic potatoes. This is the initial demonstration of a modified starch with altered branching characteristics created by introduction and expression of a foreign gene product. The resulting starch from these transgenic potato tubers is very highly branched, and this degree of branching correlates with the leve1 of glgA gene expression. The starch also exhibits a lower degree of phosphorylation than normal potato starch and displays unusual viscosity and thermal properties when analyzed by Brabender viscoamylography and differential scanning calorimetry, respectively.
MATERlALS A N D METHODS

Cloning of the &A Gene
The gene encoding Escherichia coli glycogen synthase (EC 2.41.21) was obtained from PCR reactions as a 1.4-kb BglII to Sal1 DNA segment. Total genomic DNA from E. coli K12 strain 61 8 was utilized as a template. Synthetic oligonucleotides, strl and str2, corresponding to sequences flanking the glgA gene of E. coli (Kumar et al., 1986) were synthesized and contained restriction sites for BglII and SalI, respectively. The strl oligonucleotide contained the sequence AATATk GATCTAACAGGAGCGATAATGCAGGTTTT and corresponds to 24 bp of homology to the 5' end of the glgA gene (Kumar et al., 1986) . The str2 oligonucleotide contained the sequence AATAATGCGTCGACTGAAAACTATTTCGAG-CATAGTAA and corresponds to the 3' end of the glgA gene (Kumar et al., 1986) . The PCR products were digested with BglII and SalI, respectively, and cloned into BglII/SalI-cut pCGN789 (an ampicillin-resistant pUC-based cloning vector) similar to pUC19. The ligated DNA was transformed into competent E. coli DH5a. The cells were plated onto E. coli Luria broth containing penicillin (300 pg/mL) and isopropylthio-8-galactoside and X-Gal; white colonies were picked onto penicillin-containing plates, and the resultant colonies were flooded with 12/KI (0.2% I2 in 0.4% KI). Colonies producing a dark brown color (indicating excess starch production) were selected. DNA was prepared from one clone, designated glgA2, and the entire DNA sequence and translated amino acid sequence were determined. The DNA sequence of glgA2 is 98 and 96% homologous at the nucleotide and amino acid levels, respectively, to the published g1gA gene sequence (Kumar et al., 1986) .
Construction of a Tuber-Specific Amyloplast-Targeted Chimeric Gene for &A Expression
Construction of plasmid pCGN2162 containing a 5' patatin-nos 3' cassette for tuber-specific expression has been described (Oakes et al., 1991) . A plasmid pCGN1132S containing the 35s promoter, transit peptide, and 16-ainino acidcoding regions of the pea ribulose bisphosphate carboxylase SSU gene has also been described (Oakes et al., 3 991) . The glgA gene was excised from plasmid glgA2 and cloned as a BglII-Sal1 DNA fragment into the BamHI-SalI-ctct plasmid pCGN11,32S. This plasmid was designated pCGN1439 and provided an in-frame fusion of the glgA gene with the 16 amino acids of the mature SSU gene. pCGN1439 was then digested with XbaI and SalI, and the SSU transit peptidel glgA fusion gene was cloned into SpeI-SalI-cut patatin promoter cassette pCGN2162 to create plasmid pCGN1454. This plasmid contained the 700-bp patatin promoter, the transit peptide and mature pea SSU-coding region, the &A gene, and the 300-bp nos 3' region. The entire DNA segment carrying the chimeric gene was excised from pCGh 1454 with XhoI and blunted with Klenow polymerase. This fragment was then cloned into the XbaI-cut and Klenow-blun ted binary vector pCGN1557 (McBride and Summerfelt, 1990) in both orientations to create plasmids pCGN1457 and pCGN1457B. These plasmids were transferred to Agrobacterium i'umefaciens strain LBA4404 as described by Hoekema et al. (1'988) .
Plant Transformation
Potato tuber discs (Solanunz tuberosum var Russet Burbank)
were transformed with Agrobacterium LBA4404 5,train containing plasmids pCGN1457, pCGN1457B, and pCGN7001 as described previously (Sheerman and Bevan, 1988; Comai et al., 1990; Oakes et al., 1991) . Transformants were multiplied axenically and transferred to soil. Tubers from individual transformants were harvested 14 weeks after transfer to the greenhouse.
Northern and Western Analysis
Total FlNA was isolated from 5 g of tuber íissue and poly(A)' mRNA was processed as described previously (Facciotti et al., 1985) . A nick-translated 1.4-kb BglII-Sal1 fragment from plasmid glgA2 was utilized as a probe. Blots were washed at 55OC and autoradiographed. For western analysis, extracts were prepared from 0.3 g of frozen tuber tissue ground in liquid N2.The powder was transferred to Eppendorf tubes to which was added 100 pL of :!X sample buffer (Laemmli, 1970) . Samples were thawed 011 ice, vortexed, and spun at 20008 for 5 min to remove particulate matter. Approximately 15 pL of supematant (20 /ig of total protein) was electrophoresed on SDS-polyacrylamide gels. Proteins were electroblotted onto Millipore Immobilon-NC membranes in buffer containing 0.025 M Tris, 0.2 M Gly, and 20% methanol (pH 8.2). Blots were blocked at rooin temperature for 40 min in 2% BLOTTO/TBST solution. Glycogen synthase polyclonal antiserum (a kind gift from Dr. Jack Preiss) was utilized at a 1/2000 dilution in 2% BLOTTOI TBST and incubated for 90 min. After the sample was washed twice in TBST, goat anti-rabbit antibody (United States Biochemical) at a 1/3000 dilution in TBST was applied. Blots were incubated for 40 min, washed twice with TBST, and developetl for 10 min using the Promega Proto Blot system in buffer containing 0.1 M Tris-HC1 (pH 9.5), 0.1 M NaCI, 0.005 M MgClz, 44 pg/mL nitroblue tetrazolium, and 33 pg/ mL 5-bromo-4-chloro-indolyl phosphate. g1gA protein standards were provided from sonicated extracts of E. coli containing plasmid glgA2. Glycogen synthase expression in these extracts was quantified by SDS-gel electrophoresis (Laemmli, 1970) and protein determinations (Bradford, 1976) of the extracts.
General Analysis of Potato Starch Samples
Specific gravity measurements were determined by weighing tubers in air, followed by a repeat weighing under HzO. Specific gravity equals the weight in air/weight in air minus the weight under H20. Phosphorous content was measured on duplicate samples of 0.5 g of purified dried starch. Phosphates were converted to P by ashing the starch with a fixative and determining the P content on a dry weight basis as reduced phosphomolybdic acid. Starch and sugar analysis was performed on lyophilized 10-g tuber samples according to the method of Haissig and Dickson (1979) . The lyophilized samples were extracted with methanol:chloroform:H20 (12:5:3). Glc in the aqueous phase was detected via a coupled enzyme system using Glc oxidase, peroxidase, and o-dianisidine. Suc plus Glc was detected after invertase treatment.
Analysis of Starch Branching
Potato tuber tissue was processed, starch granules were isolated as previously described (Boyer et al., 1976) , and starch content was estimated on a weight basis (starch weight/fresh weight). Amylose percentages were determined by gel filtration analysis (Boyer and Liu, 1985) . Chain-length distribution patterns were determined by HPLC analysis after starch debranching with isoamylase as described by Sanders et al. (1990) . Amylopectin was characterized by measuring the low mo1 wt chain/high mo1 wt chain ratio (on a weight basis) according to the method of Hizukuri (1986).
Brabender Amylograph Analysis
Starch was purified from approximately 2.5 kg of potato tubers. Purified starch was added to 400 mL of distilled HzO to create a 3.25% suspension on a dry weight basis. Pasting characteristics of the suspension were determined according to the method of McComber et al. (1988) using a Brabender Visco-Amylograph VA-1B with a 700 cmg cartridge. With stirring at 75 rpm, the suspension was heated from 30 to 95OC at 1.5OC/min, held at 95OC for 15 min, and then cooled to 5OoC at 1.5OC/min. A plot of the paste viscosity in arbitrary Brabender units versus time was used to determine pasting temperature, peak viscosity, peak viscosity temperature, viscosity prior to cooling, and viscosity at the completion of cooling.
Differential Scanning Calorimetry
Starch samples of about 2 mg were weighed into aluminum pans, and HZO was added to make 30% starch by weight.
The pans were sealed and allowed to stand for 1 h before heating. The samples were then heated at 10°C/min from 40 to 100OC. From the temperature curve the gelatinization onset temperature, peak temperature, and enthalpy values were calculated and averaged over three trials.
RESULTS A N D DlSCUSSlON
A chimeric gene containing the potato patatin promoter, the soybean SSU transit peptide-coding region, 48 bp of mature SSU from pea, the sequence encoding the E. coli glgA gene, and the nopaline synthase (nos) transcription termination region was introduced into potato via Agrobacteriummediated transformation. The patatin class I gene has been shown to express in a tuber-specific manner under normal growing conditions (Wenzler et al., 1989; Jefferson et al., 1990) , and synthesis of patatin (a major tuber storage protein) has been shown to parallel starch synthesis and accumulation in developing potato tubers (Park, 1983) . Plastid targeting, utilizing the SSU transit peptide and mature coding regions, has previously been described for efficient introduction of a number of bacterial proteins to chloroplasts and amyloplasts of transgenic plants (Wasmann et al., 1986; Comai et al., 1988; Klosgen and Weil, 1991; Oakes et al., 1991) . A number of transgenic potato lines were evaluated for potential altered starch content by specific gravity measurements. Four of these transgenic lines were chosen for further analysis based on these specific gravity measurements.
Expression of the E. coli glycogen synthase in tubers was monitored by northern and western analysis as indicated in Figure 1 . Northern analysis shows that the range of expression for three of the transgenic lines, 57-4, 57-17, and 57B-15, is approximately 0.0001 to 0.0003% of the total poly(A)' mRNA. The line 57-17 has lower expression than the other two lines. There is no detectable glgA mRNA in nontransformed control tissue. The glgA mRNA is also the expected size, approximately 1.9 kb. This RNA encompasses the 1.4-kb glgA structural gene, 0.3 kb encoding the SSU transit peptide/mature protein region and 0.2 kb of nos 3' untranslated sequence. This low level of chimeric mRNA production utilizing the patatin promoter in a gene reconstruction format has previously been observed (Oakes et al., 1991) .
Western analysis on the four transgenic potato lines revealed the presence of authentic E. coli glycogen synthase when probed with glgA-specific antisera (Fig. 1B) . Lines 57-4 and 57-17 contain glycogen synthase present at approximately 0.007%, and lines 57-18 and 57B-15 contain 0.028% of total tuber protein. The observation that line 57-4 expresses a higher level of protein but a lower mRNA level compared to line 57B-15 may reflect a lack of correlation after the glgA gene product is localized in the plastid. It should also be noted that the glgA signal in the transgenic tuber tissue exhibits a slightly higher mo1 wt than the glycogen synthase control protein synthesized in E. coli. The normal E. coli-produced enzyme is 477 amino acids in length, producing a 52,600 mo1 wt polypeptide (Kumar et al., 1986 ).
In the above described chimeric gene construction, the glgA gene product is longer by 21 amino acids. We do not know how these amino-terminal additions directly affect glgA in plants, although various amino-terminal modifications do not affect the enzyme when expressed in E. coli (data not shown). These additional residues are derived from the 16 N-terminal amino acids of the pea SSU mature protein fused to five additional amino acids provided by the 5' PCR primer utilized to clone the g/gA gene from E. coli. When the SSU transit peptide is cleaved during amyloplast targeting, the mature glycogen synthase in the transgenic lines is 498 amino acids in length, resulting in a protein of approximately 55,000 mol wt. This slight increase is apparent in the blot and indicates correct processing of the amyloplast-targeted glycogen synthase. The extraction method utilized for the western analysis procedure would preferentially remove soluble amyloplast proteins but should not remove proteins such as GBSS, which are tightly bound to the starch. Immunoblot analysis indicates that some, if not all, of the gfgA-encoded protein is located in the soluble fraction of the amyloplast. This observation may help to explain the alteration of the starch in transgenic tubers. The four transgenic potato tuber lines exhibit specific gravity measurements considerably lower than the Russet Burbank control tubers (Table I) . These specific gravity values correlate with the dramatic increase in soluble sugar content in the transgenic tubers. This 60 to 80% increase in soluble sugar content suggests unincorporated Sue and Glc molecules. These values also correlate quite nicely with the decreased starch content found in the transgenic tuber lines.
Normal potato tubers are usually 17 to 20% starch by weight (Swinkels, 1985) . Lines 57-4, 57-18, and 57B-15 are reduced approximately 50% for their total starch content. Line 57-17 is reduced approximately 20% in total starch content. Starch isolated from these transgenic tubers exhibits a reduced moisture content (data not shown), and the dried starch is quite a bit lower with respect to the endogenous P content.
Potato starch is unique in that it is the only commercial starch containing appreciable amounts of bound phosphate esters. The majority of the phosphate groups are bound to the carbon-6 of Glc units of amylopectin and range from one phosphate group per 200 to 400 Glc units. This phosphate confers on potato amylopectin polyelectrolyte properties when dispersed in aqueous solutions (Swinkels, 1985) . The reduced phosphate content is probably indicative of the lower overall starch content in and the reduced chain length of the starches isolated from transgenic tubers, because phosphate molecules normally link to longer Glc chains. Other factors may be relevant, because phosphate incorporation into potato starch is poorly understood. In any event, tubers expressing E. coli glycogen synthase in their amyloplasts result in an overall reduced starch yield with corresponding effects on other intrinsic properties.
The most striking effect of g/gA gene expression in transgenic tubers was on the amylose/amylopectin ratios and the degree of amylopectin branching. The data presented in Table  II indicate that tubers from transgenic plants contain a reduced amylose content and a significant change in the amylopectin portion of the starch. Normal potato starch contains approximately 20 to 24% amylose, whereas three of the transgenic lines exhibit reduced values between 12 and 8% amylose content. Lines 57-18 and 57B-15 also exhibit the lowest amylose values, which correlate with the highest levels of g/gA gene expression. These two lines also contain a high degree of branching in their amylopectin fractions.
The average chain length for the total amylopectin fractions of lines 57-18 and 57B-15 was 26 Glc residues compared to average chain lengths of 32, 28, and 33 Glc residues for lines 57-17, 57-4, and the RB-43 control, respectively. Normal potato amylopectin contains low mol wt chains (between 10 and 40 Glc residues in length) in a 2:1 ratio with high mol wt chains (between 40 and 150 Glc residues). This ratio reflects the degree of branching of the amylopectin fraction of starch (Hizukuri, 1985; Manners, 1985) . Thus, the difference in the chain lengths of amylopectin fractions from The designations A, B1, B2, and B3 refer to individual carbohydrate chains within the amylopectin molecules as revealed by enzymic digestion of starch and HPLC fractionation. These designations conform to the "cluster model" for amylopectin (Hizukuri, 1986) . Fractions A and B1 to B3 are the A and B chains that bind at the carbon-6 of the other chains through their reducing residues (A-chains carry no chains and B-chains carry A-or other B-chains). The chains in fractions A and B1 make a single cluster, and the chains in fractions B2 and B3 extend into two and three clusters, respectively. Representative average chain lengths for fractions B1, B2, and B3 are in the ranges 20 to 24, 42 to 48, and 69 to 75, respectively. Average lengths for A-chains are 12 to 16 residues. transgenic plants was not due to changes in size of the low mol wt and high mol wt chains but the relative ratio of these chains in the starch molecules.
Lines 57-18 and 57B-15, the highest glgA expressors, exhibit a very high degree of branching with a low mol wt/ high mol wt chain ratio of 5.7. The most highly branched amylopectin fraction that has previously been described is from waxy maize lines with a low mol wt/high mol wt chain ratio of 3.9 (Moore et al., 1984; Hizukuri, 1985) . Extensive branching could contribute to the differences in other parameters such as reduced tuber-specific gravity and starch yield and low phosphate content. The increase in total soluble sugar content indicates a pool of unincorporated sugars in the tubers, which may result from incomplete granule synthesis as a result of extensive branching.
This observation is also reflected in the starch distribution within the tuber as shown by taking transgenic tubers and soaking the sliced tubers in a solution of I 2 /KI (Fig. 2) . The control RB43 and transformed control tubers (7001) displayed a complete iodine staining pattern that was very dark blue, indicating binding of iodine to amylose. Transgenic tubers from lines 57-18, 57-4, and 57B-15 displayed a lighter marbeled staining pattern that is slightly purple and/or brownish. The intensity of blueness and distribution of the color reflect a reduced amylose content. The marbled pattern could result from changes in amylose/amylopectin ratios, distribution of glycogen synthase as determined by the spatial pattern of the patatin promoter, reduced starch yield/tuber, or a combination of these changes. Starch granules from normal tuber tissue are usually large granules of two types: round granules with diameters of 20 to 30 ^m and oval granules with lengths from 20 to 80 nm. The distribution of these two types of granules is normally in a 50:50 ratio. The most striking difference that was noticed when comparing granules prepared from transgenic and control plants was the size of the granules. Starches prepared from transgenic plants were smaller: round granules of less than 10 nm in diameter and oval granules with lengths up to 50 fim (data not shown). In addition, the round granules made up more than 80% of the sample. Some of the oval granules were also unusually shaped with single angular points or irregular surfaces. These granules are somewhat similar to granules observed in cereals with a high percentage of amylopectin (Swinkels, 1985) .
The question arises as to why glycogen synthase, a bacterial chain-extending enzyme functionally analogous to plant starch synthase, results in a highly branched starch when expressed in tuber amyloplasts. Antisense RNA inhibition of
RB 43
L. Vol. 104, 1994 endogenous potato GBSS can be ruled out because of the fact that the bacterial glgA and potato GBSS genes are approximately 15% homologous at the nucleotide leve1 (van der Leij et al., 1991b) . Additionally, transgenic potato plants in which GBSS was inhibited by an antisense mechanism show no decrease in overall dry matter content (specific gravity) with respect to control plants ( Kuipers et al., 1992) . This is not the case with the &A-expressing transgenic potato plants described here. Glycogen synthase may act as a soluble synthetic enzyme that quickly extends the a-1,6 branch points of the developing starch molecule (i.e. an increase of the soluble starch synthase pool). This is supported by the observation that glycogen synthase may exist as a soluble enzyme as detected by westem blots. AItematively, glycogen synthase may intercede in biochemical complexes of starch synthase and starch branching enzyme required for starch granule synthesis, thereby altering the elongation/branching ratio and resulting in a highly branched starch and reduced yield. It is also possible, although highly unlikely, that E. coli glycogen synthase acts as a branching enzyme when expressed in a plant plastid background. Whatever the mechanism, it is clear that expression of glgA in potato tubers results in a highly branched nove1 polysaccharide with unique properties.
1457-18
The purified starches from the four transgenic lines were subjected to further analysis by Brabender viscoamylography and differential scanning calorimetry. When granules are heated in H20, initial swelling takes place in amorphous regions of the granule, disrupting weak bonding between starch molecules during the hydration. Brabender analysis is a method for following the swelling and viscosity changes during cooking of a starch paste, and viscosity curves are characteristic for different types of starches. The temperature at which measurable viscosity changes occur is the initial pasting temperature. The peak viscosity is the highest viscosity encountered during starch paste preparation and is a measure of starch thickening power, and the cooling part of the viscosity curve is a measure of starch paste retrogradation due to the association of starch molecules. The initial pasting temperatures for starch pastes derived from control and transgenic potato starches were relatively similar, although the initial temperature was significantly higher for sample 57-18 (Table 111 ). Paste viscosity measurements at a11 phases of the pasting process are significantly lower and more stable with time for the three transgenic lines (57-4, 57-18, and 57B-15) measured. A signifcant and unusual observation was that no peak viscosities or temperatures could be determined for the starch samples from transgenic plants. The amylograms for these samples slhowed only a slow rise after initial pasting. These results could imply very little granule swelling and thickening of the starch paste or rapid swelling and granule clisintegration. The reduced phosphate and amylose content and the increased branching of the amylopectin could jointly contribute to the lower paste viscosities. These highly branched potato starches resemble cereal starches, such as vrheat and rice, with respect to their viscoamylograms and also behave in a fashion similar to certain chemically cross-linked industrial starches.
Gelatinization, the process applied to the loss of polarization and concurrent initiation of granule swelling, of the starch can also be monitored by differential scanning calorimetry, and the results are shown in Table IV . Gelatinization began at sxgnificantly lower temperatures, with respect to the control value, for a11 four transgenic samples. Starches from lines 57-18 and 57B-15, which express glycogen synthase at 0.028% of total protein, exhibited the lowest initial gelatinization temperatures and the lowest enthalpy values. Thermograms (not shown) were broadest for these two samples, and the gelatinization peaks were asymmetrical, tailing off in the high-tlemperature region. These starch granules may be composed of a more heterogenous granule population than for normal starch, with most of the granules gelatinizing at lower temperatures than normal starch. Alternatively, the granule population may be homogenous, but the individual granules may undergo less cooperative gelatinization. The magnitude of these differences between control samples and lines 57-18 and 57B-15 is on the order of comparison between wx and aewx maize amylopectins (Yuan et al., 1993) . In any event, the differences between control and transgenic starch differential scanning calorimetry values are consistent with the Brabender values obtained from the viscoamylograms on the starches obtained from the four transgenic lines. These values in turn are consistent with the degree of amylopectin branching and ultimately with the level of glgA gene expression in the independent transgenic potato lines. This is the first description of gross changes in amylopectin branching and altered starch granule morphology in plants as a result of the introduction and expression of a heterologous, albeit functionally closely related, bacterial gene. It is possible that genetic engineering will be able to produce "natural starches" with properties analogous to chemically modified starches now in use. It will be interesting to study further the properties and potential commercial utility of this unique starch and to see what other modifications can be made to reserve starch in plants by introducing genes encoding enzymes that provide more diverse activities (different glycosidic linkages, altemative carbohydrate polymers) than glycogen synthase.
